Certain marine algae produce potent toxins that impact human health through the consumption of contaminated shellfish and finfish and through water or aerosol exposure. Over the past three decades, the frequency and global distribution of toxic algal incidents appear to have increased, and human intoxications from novel algal sources have occurred. This increase is of particular concern, since it parallels recent evidence of large-scale ecologic disturbances that coincide with trends in global warming. The extent to which human activities have contributed to their increase therefore comes into question. This review summarizes the origins and health effects of marine algal toxins, as well as changes in their current global distribution, and examines possible causes for the recent increase in their occurrence. Key words: amnesic shellfish poisoning, diarrhetic shellfish poisoning, dinoflagellates, domoic acid, global climate change, harmful algal blooms, marine toxins, neurotoxic shellfish poisoning, okadaic acid, paralytic shellfish poisoning. Marine algal toxins are responsible for an array of human illnesses associated with consumption of seafood and, in some cases, respiratory exposure to aerosolized toxins.
Marine algal toxins are responsible for an array of human illnesses associated with consumption of seafood and, in some cases, respiratory exposure to aerosolized toxins. Approximately 20% of all foodborne disease outbreaks in the United States result from the consumption of seafoods, with half of those resulting from naturally occurring algal toxins (1) . On a worldwide basis, marine algal toxins are responsible for more than 60 ,000 intoxication incidents per year, with an overall mortality rate of 1.5%. In addition to their human health effects, algal toxins are responsible for extensive die-offs of fish and shellfish and have been implicated in the episodic mortalities of marine mammals, birds, and other animals dependent on the marine food web. The impacts of algal toxins are generally observed as acute intoxications, whereas the environmental health effects of chronic exposure to low levels of algal toxins are only poorly documented and are an emerging issue (2) (3) (4) (5) .
The origins of marine algal toxins are unicellular algae that, in response to favorable conditions in their environment, may proliferate and/or aggregate to form dense concentrations of cells or "blooms." In many cases, toxic species are normally present in low concentrations, with no environmental or human health impacts; toxicity in general depends on their presence in high cell concentrations. Phytoplankton species that produce toxins, currently included under the broad term harmful algal blooms (HABs), previously were called red tides. Only about 2% species) of the estimated 3,400-4,000 known phytoplankton taxa are harmful or toxic (6) . Of these, members of two algal groups, the dinoflagellates and diatoms, produce toxins that impact humans. Filter-feeding shellfish, zooplankton, and herbivorous fishes ingest these algae and act as vectors to humans either directly (e.g., shellfish) or through further food web transfer of sequestered toxin to higher trophic levels. Consumption of seafood contaminated with algal toxins results in five seafood poisoning syndromes (Table 1) : paralytic shellfish poisoning, neurotoxic shellfish poisoning, amnesic shellfish poisoning, diarrhetic shellfish poisoning, and ciguatera fish poisoning. Most of these toxins are neurotoxins and all are temperature stable, so cooking does not ameliorate toxicity in contaminated seafoods. In addition to foodborne poisonings, toxins from two dinoflagellate sources are aerosolized (brevetoxins) or volatilized (a putative Pfiesteria toxin) to impact human health through the respiratory route.
Over the past three decades, the occurrence of harmful or toxic algal incidents has increased in many parts of the world, both in frequency and in geographic distribution (7) (8) (9) . There are many contributing factors to this expansion, not the least of which is increased awareness of the issues and consequent establishment of research programs and surveillance systems, which in turn have helped identify problems not previously recognized. In certain instances, however, the expansion of toxic algal blooms to new geographic areas, resulting in human illness or environmental impacts, is well documented. There has been much speculation about the causes and significance of the observed expansion; however, few definitive studies have been carried out to date. Of particular concern is determining whether the apparent increase in harmful and toxic algal blooms is a consequence of anthropogenic activities, which might therefore be modified to reverse the current trends. Human activities may contribute to the problem directly or indirectly through the introduction of nonindigenous species via ballast water transport or shellfish transplantation, local and regional environmental change caused by eutrophication or contaminant loading, large-scale climate fluctuations (anomolous weather events; El Niflo), and global climate change mediated by the anthropogenic increase in greenhouse gases. In this review, we first summarize the origins, health effects, and changes in global distribution of each of the toxin classes of human health significance, and then consider the current status of our understanding of the causes and implications of their increased occurrences. The review does not attempt to address nuisance blooms or freshwater algal toxins, which can be found in previous reviews on the global increase in harmful algal blooms (8) (9) (10) (11) (12) (13) .
Paralytic Shellfish Poisoning
Paralytic shellfish poisoning (PSP) is caused by the consumption of molluscan shellfish contaminated with a suite of heterocyclic guanidines collectively called saxitoxins (STXs) ( Figure IA) . On a global basis, almost 2,000 cases of human poisonings are reported per year, with a 15% mortality rate (8) . In addition to human intoxications, PSP has been implicated in deaths of birds (14) and humpback whales (15 (22) . Since 1991, 21 fatalities and several hundred intoxications have occurred in Chile (23) . A similar pattern of increased occurrence of PSP is reported in Argentina, where the first PSP outbreak, which occurred in 1980, was associated with a bloom of Alexandrium tamarense. Following sporadic outbreaks during the 1980s, shellfish toxicity associated with PSP has been an annual occurrence throughout the 1990s along the Argentine coast (24) . As in North America, however, anecdotal stories suggest that PSP occurred in both Chile (22) and Argentina (25) (45) . Molecular modeling studies have implicated brevetoxin as an inhibitor of a class of lysosomal proteases, the cysteine cathepsins, which are important in antigen presentation (46) .
The demonstration of brevetoxin immunoreactivity in lymphoid tissue of the manatees raises the possibility of immunosuppression as a second mode by which brevetoxin exposure may affect human health, particularly in individuals with chronic exposure to aerosolized toxin during prolonged red tide incidents.
Ciguatera Fish Poisoning
Ciguatera fish poisoning (CFP) is another seafood intoxication caused by ladderlike polyether toxins, primarily attributed to the dinoflagellate, Gambierdiscus toxicus (47) , which grows as an epiphyte on filamentous macroalgae associated with coral reefs and reef lagoons. The lipophilic precursors to ciguatoxin produced by G. toxicus enter the food web when these algae are grazed upon by herbivorous fishes and invertebrates. These precursors are biotransformed to ciguatoxins (48) and bioaccumulated in the highest trophic levels. Large carnivorous fishes associated with coral reefs are a frequent source of ciguatera. Baracuda, snapper, grouper, and jacks are particularly notorious for their potential to carry high toxin loads; however, smaller herbivorous fishes may also be ciguatoxic, particularly when viscera are consumed. CFP is estimated to affect over 50,000 people annually and is no longer a disease limited to the tropics because of travel to the tropics and shipping of tropical fish species to markets elsewhere in the world (1). The symptoms of ciguatera vary somewhat geographically as well as between individuals and incidents and may also vary temporally within an area, but they generally include early onset (2-6 hr) gastrointestinal disturbance-nausea, vomiting, and diarrhea-and may be followed by a variety of later onset (18-hr) neurologic sequelae such as numbness of the perioral area and extremities, reversal of temperature sensation, muscle and joint aches, headache, itching, tachycardia, hypertension, blurred vision, and paralysis. Ciguatera on rare occasions can be fatal. A chronic phase may follow acute intoxication and can persist for weeks, months, or even years (49) . Ciguatera symptoms in the Caribbean differ somewhat from those in the Pacific; gastrointestinal symptoms dominate in the former, whereas in the latter neurologic symptoms tend to dominate. This may reflect geographic differences in the toxin congeners involved (50) .
The ciguatoxins (CTXs) ( Figure IC ) are structurally related to the brevetoxins and compete with brevetoxin for binding to site 5 on the voltage-dependent sodium channel with a high affinity (Kd -0.04-4 nM) (51).
The minimum toxicity level to humans is estimated at 0.5 ng/g (52) . Among 
Amnesic Shellfish Poisoning
Amnesic shellfish poisoning (ASP) is the only shellfish intoxication caused by a diatom. The first recorded occurrence ofASP was in Prince Edward Island, Canada in 1987 when approximately 100 people became ill and several died after consuming contaminated mussels. None of the known shellfish toxins were found to be involved in the outbreak; rather the toxic agent was identified as domoic acid (71, 72) . The source of domoic acid was the diatom Pseudo-nitzschia multiseries (formerly known as Nitzschia pungensf multiseries) (73, 74) . Domoic acid is a water-soluble tricarboxylic amino acid that acts as an analog of the neurotransmitter glutamate and is a potent glutamate receptor agonist. Domoic acid is related both structurally and functionally to the excitatory neurotoxin kainic acid isolated from the red macroalga Digenea simplex (75) . Seven congeners to domoic acid have been identified ( Figure 1E ). Of these, three geometrical isomers, isodomoic acids D, E, and F and the C5' diasteriomer are found in addition to domoic acid in small amounts in both the diatom and in shellfish tissue (76, 77) .
The symptoms of ASP include gastrointestinal effects (e.g., nausea, vomiting, diarrhea) and neurologic effects such as dizziness, disorientation, lethargy, seizures, and permanent loss of short-term memory. Domoic acid binds with high affinity to both kainate (Kd -5 nM) and a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid (Kd -9 nM) subtypes of glutamate receptor (78, 79 (97) . Because of the remaining uncertainty regarding the causal role of Pfiesteria in these impairments, these symptoms have conservatively been termed estuaryassociated syndrome (98) . Experimental injection of rats with Pfiesteria-containing aquarium water resulted in neurocognitive impairment in the rats when they were tested using a radial-arm maze (99) . The toxins responsible for fish lethality or neurologic symptoms have not yet been identified. There is currently no evidence that toxicity is transferred through food.
Pfiesteria differs from the previously discussed dinoflagellates in that it is a nonphotosynthetic, heterotrophic dinoflagellate. Nonetheless, there is compelling evidence that its occurrence at toxic levels coincides with the eutrophication of coastal waters through intensive swine and poultry agriculture in areas of North Carolina and Maryland. Lagoon-stored and land-applied wastes from poultry and swine are a major source of nitrogen input from both runoff and atmospheric deposition and are suspected of supporting enhanced growth of autotrophic algae that in turn support the proliferation of Pfiesteria (4, 100 Global Increase in the Occurrence of Algal Toxins Figure 2 illustrates the change in global distribution of the occurrence of algal toxins of human health concern over the past three decades. Of particular significance is the occurrence of novel toxic algal syndromes not previously known as well as expansion of a number of toxin classes from the northern to the southern hemisphere during this time frame. It is important to note that this distributional map is a composite picture that reflects both increases in reports due to increased monitoring for toxins as well as true geographic expansions in the occurrence of toxic outbreaks. Newly established or expanded research and monitoring programs for algal toxins have been significant in identifying the presence of toxic or potentially toxic organisms in places never before documented. For example, New Zealand had no reported algal toxins in the 1970s but following an unprecidented toxic outbreak in 1992 established a comprehensive monitoring program that has since identified four or the five major toxin classes in shellfish at levels sufficient to cause occasional closures of shellfish harvest. Improvement in toxin detection methods has further contributed to expanded ranges reported in Figure 2 . For example, the occurrence of ASP was unknown until the 1987 outbreak in Canada. It has subsequently been implicated in bird (1991) and marine mammal (1998) mortalities on the west coast of North America. Although these mortality :' Ciguatera OpMies events raise significant alarm.in light of the apparent increase in the global impacts of algal toxins, unexplained episodic marine mammal mortality events, some of which appear to have similarities to the ASP-associated events, have occurred every few years on the west coast of North America for the past several decades (87) . Thus, retrospective analysis of tissues from earlier mortality events, where available, may provide insight into the historical impacts of toxic blooms of Pseudonitzschia in this region. In other cases, the distributions shown in Figure 2 are expansions in the known geographic range of toxic algal species at concentrations sufficient to impact human or environmental health. The expansions of PSP in southeast Asia and South America are key examples. The causes of these expansions are not well defined. The lack of long-term phytoplankton data often hinders the ability to determine if novel outbreaks are the consequence of the introduction of organisms to new regions, an increase in the local abundance of a toxic organism because of changes in local or regional nutrient conditions, or range extensions due to large-scale climatic changes. The key issue is to what extent human impacts on the environment are responsible for these increases. The expansion of harmful and toxic algal blooms is seen by some as a bioindicator of large-scale marine ecologic disturbances (9, 101, 102) . The four primary means by which human activities may contribute to the expansion in the distribution of toxic algae must therefore be viewed in the broader context of human impacts on marine ecosystem health: transport of exotic species, eutrophication of coastal waters, anomolous weather events, and global climate change. Transport A principal mechanism for the transfer of nonindigenous and invasive species among marine ecosystems is through the movement of ships' ballast water (103) . Ballast water is used to stabilize ships when they are not carrying cargo. Water is pumped into a ship's ballast tanks in the port of origin, then released upon arrival at its destination port prior to loading cargo. If conditions are conducive to growth, organisms carried in the released ballast water may establish populations in the receiving port. It is estimated that 10 billion tons of ballast water are transported each year, making it a major source of international pollution (104 Perhaps the most direct human impact on the distribution of toxic algal species is through the transfer of molluscan shellfish from growing waters in an area endemic to toxic algal species to areas in which toxic blooms have not previously occurred. When shellfish are transported from a toxic area to clean waters, they may release cysts and/or motile algal cells that may seed a bloom of the toxic algae if environmental conditions in the receiving waters are conducive to growth (109) . Thus, many countries have established regulations to prohibit placing mussels from potential PSP risk areas to other areas in an effort to control spreading of blooms (10) . Eutrophication Phytoplankton productivity in oceanic, estuarine, and coastal waters is primarily limited by the availability of nitrogen (12) . Nitrogen loading has been implicated in accelerated phytoplankton production, or eutrophication, which is most notably manifested as algal blooms. A major source of anthropogenically introduced nitrogen is atmospheric deposition from agricultural, urban, and industrial sources (12) . Atmospheric deposition by-passes estuarine processes that filter terrestrial sources of nitrogen, thereby directly affecting both coastal and oceanic environments. Coastal waters in developed countries have experienced a longterm increase in the loading of both nitrogen (N) and phosphorus (P), by more than a factor of four, compared with several decades ago (110) . There is strong evidence that coastal eutrophication contributes to the increased incidence of certain harmful algal blooms (4, 8, 9, 12, 111 ). An often cited example is the correlation between the 8-fold increase in frequency of algal blooms in Hong Kong Harbor from 1976 to 1986 and a 6-fold increase in population during that period; the latter was accompanied by a 2.5 times increase in nutrient loading (112) . Although long-term data sets on phytoplankton assemblages are not available for many areas, changes in dinoflagellate cyst assemblages in surface sediments can be used to document eutrophication, as shown in Tokyo Bay (113) . This approach was critical in identifying Gymnodinium catenatum as an introduced organism in Australian waters and is currently being employed to establish the history of PSP-producing Pyrodinium blooms in Southeast Asia.
Not only is the total concentration of enhanced nutrients of significance, but the altered ratios of these nutrients relative to those of other nutrients such as silica are also relevant. Long-term data sets in northern Europe strongly support the hypothesis that decreases in Si:N and Si:P ratios favor the growth of flagellates over silica-dependent diatoms (9.111,114) . Similar observations have recently been made in conjunction with Mississippi River input to the Gulf of Mexico (115) . However, the role of coastal eutrophication in the increased incidence of harmful algal blooms may not be generalized to all HAB species. For example, there currently is no strong evidence to suggest that eutrophication of coastal waters contributes to PSP (Alexandrium tamarense) or NSP (Gymnodinium breve) blooms that originate in oligotrophic waters. The frequency and persistence of red tides on the west coast of Florida, for example, do not appear to have changed over the last 120 years ( Figure 3) . Each of the major range expansions of these organisms in North America has coincided instead with unusual climatic events (11, 43) .
Anomolous Weather Events
It is well established that many human disease outbreaks peak during unusual climatic events such as drought, storm events that produce heavy rainfall, and El Niiio (57, 106, 116) . Similarly, El Niflo events are linked with the occurrence of diseases in marine species, including coral bleaching and shellfish diseases, and possibly marine mammal mortality events (102 (1982-1983 and 1997-1998) during which the sea surface temperatures rose and the incidence of HABs increased. The cooccurrence of these events late in this century has led to speculation that global warming may be an underlying cause (101, 102) . Global Climate Change An observed increase in the global average temperature during the past century (0.80C between 1889 and 1990) concurrent with industrialization suggests that the world may be entering a period of global warming to which human activities have contributed through production of greenhouse gases (117, 118) . The oceans, because of their capacity as heat reservoirs, both influence and respond to global climate through thermohaline circulation, which recirculates nutrients, oxygen, and CO2. Long-term increases in sea surface temperature are predicted to modify the behavior of global oceanic circulation, which will further alter marine environmental regimes (46) . The recent increases in frequency and emergence of novel diseases affecting marine organisms, from coral bleaching to shellfish pathogens, are believed to be linked to climate change (101, 102) . The role of global warming in the expansion of toxic algal blooms is difficult to test, however, because of the complexity of overlying issues. First, the issue of increased reporting of toxic algal incidents must be factored out. In addition, increased utilization of coastal regions must be taken into account. Currently, approximately 50% of the U.S. population resides within the coastal zone, and this figure is predicted to increase. Thus, in some instances, the increased human health impacts of toxic algal blooms are a result of increased human exposure to preexisting bloom activity rather than to increased bloom activity, as is the case for the rapidly developing west coast of Florida. Changes in local environment due to coastal development or eutrophication also must be 
